Background--Coronary angiography is more complex in patients with coronary artery bypass grafts (CABG). Image fusion is a new technology that allows the overlay of a computed tomography (CT) three-dimension (3D) model with fluoroscopic images in real time.
P
atients with coronary artery bypass grafts (CABGs) often need coronary evaluation by means of coronary angiography, in order to explore recurrence of chest pain, or heart failure, or for preoperative evaluation of cardiac valve replacement or high-risk noncardiac surgery. Indeed, the natural history of native coronary artery disease, and the natural evolution of aortocoronary bypass have been widely described (10-15% of venous grafts are occluded per year, 50% after a period of 10 years). [1] [2] [3] Locating a CABG during coronary angiography may be difficult, particularly for venous or radial artery grafts because of the variability in proximal anastomosis location. These procedures last longer and therefore lead to higher levels of radiation exposure, 4 and are more nephrotoxic, 5 in patients with a higher risk of complications (generally elderly, overweight, suffering from polyvascular disease, renal failure, and so on). A cardiac computed tomography (CT) scan system allows for reconstruction in three dimensions (3D) of any structure of interest.
It is now possible to fuse this reconstruction in real time with any other form of interventional imaging. 6 This technology improves the two-dimensional (2D) spatial visualization of images from a medical examination by merging, in real time, a 3D model obtained from reconstructed CT images of the structure of interest, with conventional interventional X-ray images. This technology is commonly referred to as image fusion. This new imaging technique, initially described in interventional neuroradiology, [7] [8] [9] [10] is now used in abdominal 11 and vascular [12] [13] [14] interventional radiology. In cardiology, its use is limited primarily to atrial fibrillation ablation procedures, [15] [16] [17] [18] but also to complex hemodynamic procedures in the context of congenital heart disease. [19] [20] [21] So far, to our knowledge, this technique has never been described during coronary angiography, particularly for location of CABGs. Our study evaluates the contribution of image fusion to reducing the time needed to locate the graft, as well as procedure duration, ionizing radiation exposure level, and amount of iodine contrast agent needed during aortocoronary bypass graft location procedures.
Materials and Methods
We conducted a single-center, controlled, observational, and prospective study, at the University Hospital of Nantes (Nantes, France), from June 2013 to June 2014. All patients with previous single or multiple coronary artery bypasses, who were hospitalized for a coronary angiography during this period were included. The indication for coronary angiography was provided by the patient's attending cardiologist. Patients referred to a planned angioplasty or examined under emergency conditions, as well as minors or adults under guardianship, were excluded. Patients undergoing a contrast-enhanced thoracic CT scan allowing CABG 3D reconstruction were included in the "image fusion" group. The other patients, with no previous recorded or usable CT images were included in the "control" group. The CT scan used for the 3D reconstruction was performed before the coronary angiography, either during a previous or the current hospitalization. If performed during the current hospitalization, most CT scans were performed to look for bypass graft distance from the sternum in patients with previous thoracic surgeries with a novel indication for cardiac surgery. No thoracic CT scan was made specifically for the purposes of this study. Each patient gave oral consent, after having been suitably informed. Comparisons between the image fusion and control groups are possible because having CT scan did not affect the characteristics of the CABG. This study was approved by the French CNIL (Commission Nationale de l'Informatique et des Libert es) and GNEDS (Groupe Nantais d'Ethique dans le Domaine de la Sant e) organisations.
Evaluation Criteria
The main evaluation criterion was the length of time needed to find CABG. This duration was calculated in minutes, between the beginning of the CABG search and the opacification of all of the sought bypass grafts. The beginning of this search was orally announced by the physician, most often after the whole native coronary arteries opacification. At this time, a stopwatch was started, under paramedical staff control present during the angiography. The physician looked for all the CABG reported in each patient, excluding any known occluded bypasses.
The secondary evaluation criteria were as follows: The procedure duration measured using a stopwatch started after insertion of the arterial catheter (allowing the difficulties encountered with arterial puncture to be avoided) and stopped when the physician took off the catheters, after opacification of the native coronary arteries and the CABG sought in the patient. As for all interventional radiology procedures, 22 the parameters, corresponding to the applied irradiation and quantity of contrast agent required, were reported in each group. Thus, the total air kerma (AK) in milliGray (mGy), dose area product (DAP) in centiGray per square centimeters (cGyÁcm 2 ), fluoroscopy time in minutes, total radiation time in minutes, and amount of iodinated contrast agent in milliliters (mL) were reported. The radiation exposure data were measured automatically and uniformly by various systems. The AK corresponds to the kinetic energy deposited per unit mass, in mGy, and the DAP corresponds to the mean dose absorbed in air from the Xray beam cross-section, multiplied by the surface area of this section, in cGyÁcm 2 . The number of catheters used was also noted. In addition, the general demographic data of the population, indication for coronary angiography, access site, number of CABGs to be looked for, and type of CABG for each patient were reported to allow comparison between the 2 groups.
Procedure
All coronary angiographies were performed in our institution in 1 of 2 rooms (Innova 2100 and IGS 520 OR; GE Healthcare, Chalfont St Giles, UK) equipped with a 20920 cm flat panel detector. These machines are identical in terms of X-ray exposure settings (low dose with a default frame rate of 7.5 frames/s) and radiation protection. The contrast agent used was Hexabrix (Guerbet, Roissy CdG Cedex, France). The coronary angiography procedures were performed by senior physicians from the University Hospital, and their level of experience was noted. Fellows, who had just completed their training in interventional cardiology, were considered to be less experienced than the others. Femoral or radial punctures were chosen based on the interventional cardiologist's decision.
Real-Time 3D Reconstruction and Image Fusion
In the image fusion group, the 3D reconstruction was achieved using injected thoracic CT scans performed in the institution (Light Speed VCT 64; GE Healthcare) available in the Nantes University Hospital network server. There were no patients coming with a CT from other locations. A 3D reconstruction of the structures of interest was obtained. First, the aorta and CABG were reconstructed in 3D, with the proximal part of the CABG being the most critical element, allowing the interventional cardiologist to achieve improved guidance during the procedure. Then, the steel wires used for sternotomy, the trachea up to the carina and the proximal part of the 2 bronchi, and 3 vertebrae were also reconstructed in 3D ( Figure 1A ) in order to optimize the real-time positioning of the 3D images onto the angiogram. All of these segmentations were performed before the coronary angiography procedure by a senior radiologist or a resident cardiologist. The reconstructed 3D images were then initially registered and overlaid over the real-time fluoroscopic images using a dedicated workstation and image fusion software (AW Workstation with Innova HeartVision; GE Healthcare). The first registration step consisted in aligning the sternotomy wires on both images, as well as the trachea and the vertebrae ( Figure 1B ; Video S1). Once achieved, the aorta and CABG reconstructions were displayed, and the search for the latter could be initiated (Figure 2 ; Videos S2 through S4 are examples of 3D reconstruction merged with real-time fluoroscopic). 3D data sets could be displayed and manipulated both from the control room and from table side in the procedure room. It was always necessary to manually adjust the imported 3D reconstruction to that of a more elevated position, despite perfect alignment of the spine and sternum. The accuracy of the image overlay was then visually confirmed through the use of contrast angiograms. This coregistration was synchronized with the movements of the C-arm, so that the projection of the 3D CT-like data set was continuously adjusted according to the movements of the C-arm through various oblique angles.
This entire workflow took %10 minutes per examination including 5 minutes for the segmentation step before the procedure and 5 minutes for registration during the examination. Because of the simplicity of the registration step, and the fact that it can be done in the lab outside of an examination, training was fully performed within a few procedures.
Statistical Analysis
As a result of the absence of any published data on this topic, it was not possible to compute the number of subjects required for the study. Continuous data are expressed as median and interquartile range [Q1-Q3] or mean values and SD, and the nominal data as numbers (%). Continuous variables were analyzed with the Mann-Whitney test and the nominal variables were analyzed using the chi-square (v  2 ) test or Fisher's exact test. Our initial analysis compared the nominal variables (surgical approach, cardiologist's experience, and so on) and the continuous variables (age, total number of bypass grafts to be found, number of mammary bypasses to be found, and so on) in the 2 groups. The primary and secondary evaluation criteria were then compared between the 2 groups. Finally, the primary evaluation criteria were indexed according to the number of bypass grafts to be located in each of the 2 groups, in order to remain independent of any differences in terms of the number of bypasses to be located in each of the 2 groups. This indexed data were then compared using the Mann-Whitney test for the quantitative data. A P value of less than 0.05 was considered to be statistically significant. Because all the other parameters involved data related to opacification of the native coronary arteries, we did not index these to the number of bypass grafts to be found.
Results
Between June 2013 and June 2014, a total of 66 patients were included in our study, of which 20 were in the image fusion group and 46 were in the standard coronary angiography group. The general characteristics of the population are summarized in Table 1 . These are general purpose data, which do not have any influence on the procedure. No significant differences were observed between the image fusion group and the control group, in terms of: age (71AE11 versus 71AE10 years old, respectively; P=0.91), Body mass index (BMI) (28.8AE5.9 versus 28.7AE4.9, respectively; P=0.94), kidney function as assessed by the level of serum creatinine (89.9AE19.8 versus 86.8AE23.3 lmol/L, respectively; P=0.6). There were more angiography procedures for preoperative indications in the fusion group. There were more women in the fusion group comparatively than the control group (35% versus 11%; P=0.03).
The data specific to the procedure are summarized in Table 2 . There was no significant difference between the 2 Journal of the American Heart Association groups for characteristics that could potentially influence the parameters studied. The total number of bypass grafts to be located was not significantly different between the 2 groups (P=0.78), allowing an unbiased comparison of the 2 groups. The different types of CABG were: mammary CABG and CABG implanted on the aorta including saphenous CABG and CABG using the radial artery. There was no difference for CABG with aortic anastomosis (P=0.94). For mammary CABG, there was a difference: There were more procedures without mammary CABG to be located on the fusion group (P=0.03). The cardiologists' experience, as previously described, was similar in the 2 groups (P=0.18). There was no significant difference between the 2 groups in terms of access site (P=0.17).
In the image fusion group, the CT scans were mainly performed during a previous hospitalization at our institution (55%). The indications for CT scans were as follows: preoperative assessments of patients undergoing TAVI (transcatheter aortic valve implantation; 35%); assessment of chest pain related to CABG permeability/obstruction; without reaching a conclusion from the CT coronary angiography scan (30%); pulmonary assessment (15%); preoperative assessment of mitral insufficiency surgical repair (10%) and preoperative assessment of mechanical aortic prosthesis dysfunction (5%); and suspected mediastinitis (5%). For the number of catheters used, the difference between the image fusion and the control groups was not significant (3.05AE1.1 versus 3.69AE1, respectively; P=0.53).
In order to optimize the comparison between the 2 groups for the main evaluation criterion, the CABG search time was indexed according to the number of bypass grafts expected to be found in each group, thus giving the search time per searched CABG, in each group (Table 4 
Discussion
The results of this study clearly highlight the contribution of 3D image fusion to coronary angiography, in terms of CABG search time, procedure length, fluoroscopy time, total radiation time, AK, DAP, as well as the amount of contrast agent required. All of the important parameters involved in an interventional procedure are improved through the use of this easy-to-use technology.
Any medical examination, in particular, an invasive imaging procedure, involves a risk. Over the past 20 years, the number and complexity of interventional cardiology acts has significantly increased. The adverse effects of X-ray radiation on patients and medical staff have been well described for many years. [23] [24] [25] Many studies have demonstrated the advantages to be gained by limiting X-ray radiation exposure, and have proposed guidelines to restrict this exposure. 26 Radiation safety is undeniably a major issue in the development of medical imaging. 26, 27 Standard means of protection (lead apron, leaded glass goggles, and thyroid shields) provide the operator with incomplete protection, associated with the risk of developing spinal pathologies. 28, 29 The main solution to reduce radiation exposure is to decrease the duration of procedures as much as possible. Similarly, the nephrotoxicity of iodinated contrast products is well known, and has been described for many years, 30 and the need for nephrotoxicity prevention has also been well studied. 31, 32 Other complications are more specific to cardiac catheterism procedures, such as postangiographic embolism, 33 arterial puncture complications, and hemorrhagic or infectious complications. Coronary angiography in patients with CABG not only lasts longer, but also leads to higher irradiation and nephrotoxicity than coronary angiography in patients without CABG. 4, 5, 34, 35 In addition, the CABG population is certainly more fragile and at a higher risk of complications related to more comorbidities, such as polyvascular diseases, elderly, overweight, and kidney failure. In this general context of reduction of iatrogenic complications in invasive procedures, the need for improvement in techniques used to search for CABG with coronary angiography has been well discussed for many years. Eisenhauer et al. showed that aortocoronary graft markers have a beneficial impact on the use of postoperative angiography. 36, 37 Other, more-recent studies have confirmed this beneficial effect, with a significant reduction in the number of catheters used, amount of contrast agent needed, and fluoroscopy time required, thanks to the use of these markers. 38, 39 Unfortunately, the use of such markers impedes the implementation of CT scan assessments, with a poor visualization of the CABG proximal sutures arising from artefacts induced by these markers. They are not favored by surgeons. 40, 41 As a consequence, this does not appear to be a useful solution to improvement in CABG searches during coronary angiography. Image fusion is a new technology that was initially described in neuroradiology. 7 Its use is now flourishing and has an increasing number of fields of application. 42 The general principle is to enhance the content of a 2D examination by overlaying, in real time, 3D information. The 3D model can be produced from different imaging modalities, such as CT, magnetic resonance, or ultrasound images. In cardiology, its use is limited to radiofrequency-based atrial fibrillation ablation procedures 15, 16 and to complex rythmological and hemodynamic interventions in congenital heart diseases patients. [19] [20] [21] So far, all of these evaluations are limited to feasibility studies or case reports providing a subjective evaluation of the contributions of this technology. However, all of these studies recognize the advantages of this new technology. To our knowledge, this technique had not been described in coronary angiography. This present study is therefore the first prospective study to have objectively evaluated the contribution of image fusion to coronary angiography. By using pre-existing CT scans, this technique does not lead to any additional radiation exposure to patients. Also, in the context of pre-TAVI assessments, although CT scans are frequently performed in CABG patients (to evaluate the CABG distance from the sternum or for additional evaluation of the aortic ring), 43 they do not waive the need for a preoperative coronary angiography. It is thus very helpful, in the particular context of elderly patients with frequent renal dysfunction, to limit the volume of nephrotoxic contrast agent. This study shows that image fusion is a novel, safe, and efficient technique, reducing the iatrogenic complications of procedures involving interventional cardiology, through a reduction in radiation exposure, amount of contrast agent used, and procedure duration. Several other applications could be of interest. For instance, in patients presenting with a dilation of the ascending aorta, coronary angiography can be challenging. If available, preoperative CT fusion could be used over fluoroscopy to facilitate the procedure in a similar way to what we described. In interventional cardiac catheterization of congenital heart disease as well, the contribution of image fusion may be large. For instance, in our center, image fusion is commonly used for transcatheter pulmonary valve implantation. In transcatheter mitral valve intervention (Mitraclip) as well, image fusion is used to improve the safety of atrial septal punction.
The present study does not conclude on whether or not performing a CT scan, for the specific purpose of image fusion to assist a CABG search, is justified. Further research is needed to evaluate this possibility.
Limitations of the Study
The small number of patients and the single-center design represent potential limitations to the study, given that the small number reduces its statistical relevance. The prospective nature of our study is one of the reasons for this small number of patients.
Conclusion
The use of image fusion to assist CABG detection in coronary angiography leads to a reduction in CABG search time, fluoroscopy time, use of iodinated contrast agents, ionizing radiation exposure, and duration of procedures. Following these results, the potential of merging reconstructed 3D CT scans with real-time coronary angiography should be fully exploited in interventional cardiology.
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